In this paper, the fluid calculation software CFD and the dynamic model software SIMPACK are used to study the influence of strong crosswind on the aerodynamic pressure, aerodynamic load and operation safety of EMUs on different road conditions. The influence rule of strong crosswind on the aerodynamic pressure and aerodynamic load of the train under different road conditions was obtained. Then the relationship between aerodynamic load and yaw angle and the critical wind speed curve of EMUs under different running conditions were obtained.
INTRODUCTION
The lateral force, lift force and overturning moment of the vehicle increase rapidly when the high-speed train encounters the crosswind, which may lead to capsizing, derailment and even casualties [1] [2] . A series of studies on the stability of rail train under crosswind are carried out (Li et al., 2009; Li et al., 2011) [3] [4] . The transverse force and overturning moment caused by horizontal wind were studied ________________________ through full-scale real vehicle test and wind tunnel test by C.J. Bake (2004) [5] . The velocity field of the train was studied through wind tunnel experiment and numerical calculation by Cheli et al. (2010b) [6] . The flow field structure under different sideslip angles was obtained, when W. Khier et al. used finite volume method and algorithm to calculate the three-dimensional flow field numerically [7] . Under the action of crosswind, the flow field around the train varies depending on the operating environment. Therefore, it is important to study the effects of different road conditions on the aerodynamic performance of the train to determine the aerodynamic performance and safety of the vehicle [8] . Trains are affected by aerodynamic loads when traveling on viaducts, embankments, and other infrastructure structures (Cheli et al. 2010a ) [9] . The aerodynamic forces of trains running on typical structures such as embankments and viaducts are investigated by wind tunnel tests (Suzuki et al., 2003; Bocciolone et al., 2008 ) [10] [11] . Besides, the influence of crosswind on the safety of train running in straight line was studied by Ren Zongsong using CFD and SIMPACK software [12] . However, there are few systematic researches on the effects of strong crosswind on the aerodynamic characteristics and operation safety of EMUs ， although domestic and foreign experts have carried out many related researches. In this paper, the numerical simulation method is used to analyze the aerodynamic pressure and aerodynamic load of the vehicle on different road conditions under strong crosswind, and the influence of strong crosswind on the operation safety of EMUs is studied.
NUMERICAL METHODS

Research Conditions of Aerodynamic Characteristics
SIMULATION METHOD AND TURBULENCE MODEL
In this paper, the strong crosswind is a constant uniform wind, of which the maximum speed is 50m/s, and the maximum running speed of trains is 220km/h. The fluid properties in the turbulent flow field are viscous, incompressible, constant and adiabatic when the realizable κ-ε turbulence model is used by us.
CALCULATION MODEL
The EMUs used in the calculation is a four-car group, and the length of the train is 100m. The relative position relation of the train with level ground, 3 m embankment, 6 m embankment and viaduct is shown in Figure 1a . The velocity synthesis vector diagram is shown in Figure 2 , in which V W is the crosswind speed, -V C is the relative wind speed equating to the speed of the EMU in the opposite direction, and β is the yaw angle. The numerical calculation region is discretized using the Openform software, as shown in Figure 3 . 
Research Conditions of Dynamic Characteristics
Corresponding to the previous model, the wheel/rail contact relationship is defined in the SIMPACK software, and the complete 3D EMU model including the wheelset, bogies, car body, the spring and shock absorber is established to analyze the dynamic behavior of EMU. In the calculation, the track excitation measured in Qin Shen railway line is used for the track irregularity.
The aerodynamic load of the EMU calculated at different vehicle speed and lateral wind speed by CFD is applied to the vehicle dynamics model established by SIMPACK, and the action point is in the center position of the vehicle body.
3.
STUDY ON AERODYNAMIC CHARACTERISTICS OF EMUS UNDER STRONG CROSSWIND ENVIRONMENT
Influence of Strong Crosswind on the Pressure of the Surface of EMUs
The influence of strong crosswind on the body pressure of EMUs driving under different conditions is studied by taking the EMUs running speed of 200km/h and the crosswind speed of 30m/s as the prerequisite.
COMPARISON OF THE PRESSURE ON THE SURFACE OF EACH TRAIN
The variation of the pressure on both sides surface of the train (vertical height from the ground 2.5m) along the length of the train and the pressure cloud around the middle of each train are shown in Figure4. It is found that the range of the pressure fluctuation around the vehicle body is gradually increased by the influence of the train wake along the direction from the head to the tail, resulting in a large negative pressure on the windward surface of the tail train. The windward surface of the train is mainly affected by positive pressure, and the leeward surface of the train is mainly affected by negative pressure. In addition, the head of the train is the most affected by the change of air pressure, and the pressure on the middle car is less variable. 
COMPARISON OF THE PRESSURE ON THE SURFACE OF THE TRAIN ON THE UPPER AND LOWER LINE
The influence degree caused by the crosswind is studied, when EMUs are traveling on the 1 and 2 lines of 6m embankment. The variation of the pressure on both sides surface of the vehicle body along the length of the train is shown in Figure. 5. According to Figure. 5, it can be concluded that the variation of the pressure on both sides surface of the vehicle body along the length of the train is basically the same trend, and there's not much difference in pressure. When the train is running on the line 1, the pressure of the leeward surface of the train is slightly larger than that when the train is running on the line 2, while the pressure of the windward surface of the train is slightly smaller than that when the train is running on the line 2. 
COMPARISON OF THE PRESSURE ON THE SURFACE OF THE TRAIN ON DIFFERENT ROAD CONDITIONS
The influence of strong crosswind on the body pressure of EMUs under different road conditions is studied by analyzing the pressure changes on both sides of the head train and the tail train, as shown in Figure 6 and Figure 7 . The analysis shows that the tendency of pressure changes along the length of the train is basically the same when the EMUs running under different road conditions, and the windward side of the head train is subjected to greater positive pressure, while the leeward side of the head train and the windward side of the tail train are subjected to greater negative pressure. The surface of the train is subjected to the greatest pressure when the EMUs travel on a 6m embankment, and the pressure on the surface of the vehicle body is the smallest when traveling on the ground.
Influence of Crosswind Speed on the Aerodynamic Loads of EMUs under Different Road Conditions
Taking the EMUs running speed of 200km/h as the prerequisite, the aerodynamic load of the train running on different roads, in the environment of different wind speeds, are shown in Figure. 8. The lateral force, the lift force, the overturning moment and the horizontal wind speed are represented respectively by F y , F z , M x and V w . The flow rate of the gas around the vehicle body running on the embankment is larger than that running on the ground and the viaduct, and the range of the gas flow is larger, which cause the train to be subjected to greater aerodynamic load. Combined with the aerodynamic load law of the vehicle body in Figure 8 , it can be concluded that the aerodynamic load of the EMUs running on the 6m embankment is the largest, and that of the train running on the 3m embankment is secondary, and the aerodynamic loads that are subjected to the elevated viaduct are the lowest. Besides, the aerodynamic load of the train increases gradually with the increase of the crosswind speed, and the increase rate of it is different, which is decrease gradually in the order of 6m embankment, 3m embankment, the viaduct and level ground.
It can be seen that the EMUs is most affected by the strong crosswind when traveling on the embankment, and the higher the embankment, the greater the influence degree of the crosswind on the train. Besides, the train traveling on the viaduct is slightly less affected by the strong crosswind, and the train running on the level ground is affected by the least.
4.
STUDY ON OVERTURNING STABILITY OF EMUS UNDER STRONG CROSSWIND
Relationship between Aerodynamic Load and Yaw Angle
The aerodynamic loads at arbitrary vehicle speed and wind speed can be calculated by fitting the relationship between aerodynamic load coefficients C fy ，C fz , C mx and yaw Angleβ, as shown in Figure 9 (positive and negative sign only represent the direction). According to Figure 9 , when the yaw Angle is certain, the aerodynamic load coefficient of the EMUs is increasing with the height of the embankment rise. This conclusion is consistent with the results obtained by Minoru Suzuki through wind tunnel test. He pointed out that the height of the embankment significantly affects the aerodynamic characteristics of the train, and the aerodynamic lateral force coefficient increases with the increase of the height of the lower structure [7] . Besides, the aerodynamic load coefficient of the head train increases with the increase of the yaw Angle when the EMUs driving on different roads, and the growth rate is increase gradually in the order of level ground, 3m embankment, 6m embankment. When driving on different roads, the lateral force coefficient, lift coefficient and overturning moment coefficient of the head train are basically positively correlated with the yaw angle of 1.1 ～ 1.2, 1.7 ～ 2.0 and 1.2 ～ 1.3 respectively. 
Critical Wind Speed
The critical wind speed curve (CWC) is obtained by considering the conditions of roads, train speed, unbalanced lateral acceleration and wind Angle. For trains operating within a certain speed range, the CWC defines the maximum natural wind speed that the train can withstand before the overturning coefficient exceeds the limit. Since the crosswind stability of the whole train is determined by the most sensitive vehicle for the cross wind, and the head train is the most sensitive to the cross wind, then the critical wind speed of the head train is studied only. The critical wind speed is judged by the allowable vehicle overturning coefficient (D≤0.8), according to the safety operation evaluation criterion of GB/T 5599-1985.
The yaw angle is 90 degrees. Under different conditions of unbalanced lateral acceleration and roads, the relationship curve of the train speed and the critical wind speed is shown in Figure. 10 based on the analysis results. 
CONCLUSION
Through the above analysis, some general conclusions can be obtained: 1. In a strong crosswind environment, the windward surface of the train is mainly affected by positive pressure, and the leeward surface of the train is mainly affected by negative pressure. The effect of the train wake leads to a large negative pressure on the windward side of the tail train.
2. When the EMUs is running on the up and down line, the variation of the pressure on both sides surface of the vehicle body along the length of the train is basically the same trend, and there's not much difference in pressure.
3. The pressure of the body surface and the aerodynamic load are most affected by the strong crosswind when the EMUs are running on the embankment, and the influence degree increases with the increase of embankment height. While the train driving on the viaduct, the influence of strong crosswind on the train is slightly smaller, and when the train driving on the level ground, the impact is minimal.
4. The aerodynamic load coefficient of the head train increases with the increase of the yaw Angle when the EMUs driving on different roads, among them, the growth rate is the maximum when the EMUs running on the 6 embankment. Besides, When the train driving in on different roads, the lateral force coefficient, lift coefficient and overturning moment coefficient of the head train are basically positively correlated with the yaw angle of 1.1 ～ 1.2, 1.7 ～ 2.0 and 1.2 ～ 1.3 respectively.
5. Based on the analysis results, the relationship curve of the train speed and the critical wind speed under different conditions of unbalanced lateral acceleration and roads is obtained, which is beneficial to the safe operation of the EMUs.
